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Abstract Space weather poses a hazard to grounded electrical infrastructure such as high voltage (HV)
transformers, through the induction of geomagnetically induced currents (GICs). Modeling GICs requires
knowledge of the source magnetic field and the Earth's electrical conductivity structure, in order to
calculate the geoelectric fields generated during magnetic storms, as well as knowledge of the topology of
the HV network. Direct measurement of GICs at the ground neutral in substations is possible with a Hall
effect probe, but such data are not widely available. To validate our HV network model, we use the
differential magnetometer method (DMM) to measure GICs in the 400 kV grid of Great Britain. We present
DMMmeasurements for the 26 August 2018 storm at a site in eastern Scotland with up to 20 A recorded.
The line GIC correlates well with Hall probe measurements at a local transformer, though they differ in
amplitude by an order of magnitude (a maximum of ∼2 A). We deployed a long-period magnetotelluric
(MT) instrument to derive the local impedance tensor which can be used to predict the geoelectric field
from the recorded magnetic field. Using the MT-derived electric field estimates, we model GICs within the
network, accounting for the difference in magnitude between the DMM-measured line currents and earth
currents at the local substation. We find that the measured line and earth GICs match the expected GICs
from our network model, confirming that detailed knowledge of the complex network topology and its
resistance parameters is essential for accurately computing GICs.
Plain Language Summary Large geomagnetic storms create time-varying magnetic fields,
which induce secondary electric fields in the conductive Earth resulting in geomagnetically induced
currents (GICs). The high voltage (HV) power transmission network is connected to the Earth at grounding
points in substations. These offer a low-resistance path for GICs to flow into the power network, potentially
causing the transformers to malfunction. It is possible to directly measure GICs at substations using
Hall effect probes, but due to cost and operational reasons, at present only four substations in the United
Kingdom are monitored. Therefore, we have developed a new instrument to measure GICs indirectly using
two magnetometers, one placed under the HV line and another a few hundred meters away. By examining
the differences between the magnetometers, we work out the additional current flowing in the HV line.
We compare our measurements to observations made by a Hall probe at a nearby transformer during a
geomagnetic storm in August 2018. The GICs from the line measurements match the shape of the Hall
probe, but there is a difference in amplitude. Further analysis shows that the amplitude differences arise
from the resistance and earthing properties of the individual HV lines and transformers within the power
network.
1. Introduction
During severe space weather events, geomagnetic storm conditions arise when the Earth's magnetic field
becomes strongly disturbed. Rapid variations in the magnetic field induce electric fields in the ground that
depend on the underlying electrical conductivity structure. The complex temporal and spatial magnetic
field variations cause differences in the electric field to arise over large areas, which can be up to several
tens of V/km (Love et al., 2018; Myllys et al., 2014). The development of modern low-resistance ground
infrastructure such as the high voltage (HV) power transmission network, gas pipelines, and railways allows
the electric field to equalize through the earthing points of these conductors; the additional quasi steady DC
currents are known as geomagnetically induced currents (GICs). This phenomenon is a threat to the optimal
performance and operation of HV transformers (Albertson et al., 1981; Boteler, 2006; Pulkkinen et al., 2012).
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A well-known example is the collapse of a Quebec-Hydro network in March 1989, attributed to the effects
of large GICs (Bolduc, 2002; Boteler, 2019). The present-day cost of a widespread power outage has been
estimated in the billions of U.S. dollars per day for advanced economies (e.g., Oughton et al., 2017, 2018).
A large number of studies modeling GICs in different HV networks have been published in the past decade.
The key components for modeling GICs are (1) the computation of the geoelectric field frommagnetic field
variation observations coupled to an electrical conductivity model of the region (e.g., Divett et al., 2018;
Kelbert et al., 2017; McKay, 2003; Pulkkinen et al., 2006) and (2) an accurate representation of the HV
transmission system, including information about the network resistances (of grounding, transformer, and
line) as well as the location of the substation earthing points and the paths of the connecting power lines
(e.g., Torta et al., 2017; Turnbull, 2010; Viljanen et al., 2014). In the United Kingdom, research on space
weather and its impact on ground-based infrastructure has been ongoing for over two decades. This has
included research into the geophysical conditions which give rise to GICs, refining the regional conductiv-
ity of the subsurface and investigating extreme scenarios (Beamish et al., 2002; Beggan, 2015; Kelly et al.,
2017; Thomson et al., 2005).
GIC flow in the network as a whole is dependent on the overall grid topology. Several mathematical
approaches are used to compute GICs flowing through the network (assuming a quasi-DC current) using
Ohm's law to estimate the strength of electrical currents entering and exiting substation grounding points
(Boteler & Pirjola, 2014; Lehtinen & Pirjola, 1985). Recent improvements to GICmodeling codes (following
Divett et al., 2018) allow the extraction of line currents, bus voltages, and individual transformer currents
as well as net substation GICs. This code has been validated against the benchmark model of Horton et
al. (2012). However, validating GICs in a HV model of a national grid against real-world measurements is
generally more difficult.
Direct measurements of GICs can be made using a Hall effect probe clamped to the earth neutral in a sub-
station, but these devices are expensive to install and maintain across a large network and are therefore
uncommon. A more economical approach is to model GIC effects on a network and validate the estimates
with spot measurements. To date, Hall effect probe measurements are only available at a few locations for
a small number of HV networks (e.g., Bailey et al., 2018; Blake et al., 2018; Butala et al., 2017; Rosenqvist
& Hall, 2019; Thomson et al., 2005), with the notable exception of the South Island of New Zealand where
over 50 GIC monitoring sites are currently installed (Mac Manus et al., 2017; Marshall et al., 2012). In gen-
eral, the scarceness of direct GIC measurements makes the validation of numerical network models quite
challenging, especially when attempting to match data from only a small number of sites which themselves
may not be representative of the network as a whole.
Indirect measurements of GICs are also possible. For example, the differential magnetometer method
(DMM) was first applied to pipelines by Campbell (1980) and Pulkkinen et al. (2001) and adapted later for
HV power lines (Matandirotya et al., 2016; Viljanen & Pirjola, 1994). With DMM, a magnetometer placed
under a HV line detects the background magnetic field plus the excess quasi-DC current flow during strong
geomagnetic activity, while the magnetic field measured at a remote site records only the natural variation.
The difference can be used to compute the value of GICs in the line via Ampère's law. Another indirect
approach is described in Clilverd et al. (2018) who correlated VLF emissions from a transformer with the
occurrence of GICs. These methods have the advantage of being relatively inexpensive, easy to install, and
require only passive measurements to be made, though additional effort is required to extract the absolute
(rather than relative) value of GIC magnitude.
With only four Hall effect probes presently operating in the United Kingdom (Thomson et al., 2005), there
are few directly measured GIC data available to validate the mainland Britain model. Therefore, we have
sought indirect methods to measure GICs. In this study we present the first results from a field campaign to
measure lineGICs across the 400 kVnetwork ofmainlandBritain using theDMM.Wedescribe the hardware
system and the deployment in the field at sites along the east coast of Britain and provide the results from
our first DMM site in the east of Scotland for a geomagnetic storm on 26 August 2018. In support of research
into space weather hazards, we also deployed a long-period magnetotelluric (MT) instrument to ascertain
the local transfer function between magnetic and electric field variations.
In the following we describe the DMM systems, deployment, and modeling approach to compute the GICs
flowing in the power lines. We show results from the DMM system for a geomagnetic storm. To put the
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Figure 1. Hardware components of differential magnetometer system and field setup. (a) 4G mobile network modem, EarthData digitizer, fluxgate
magnetometer (clockwise from top left). (b) Schematic plan view of underline and remote systems at a DMM site. (c) Geometry for sensor location and the
wires in the double-circuit A-frame pylon model. (d) Photo of the remote station at Ilderton (ILD), Northumberland, with buried sensor, solar panel, and
mobile network aerials, located 300 m from the 400 kV line seen in the background.
measured data in context, we provide information gathered from anMT survey and show the response of the
network to a hypothetical 1 V/km geoelectric field. Finally, we compare the line GICs and measurements
from a local substation Hall probe with GIC values obtained from a network model.
2. The Differential MagnetometerMethod
In previous DMM studies, relatively simple system configurations were chosen for DMM measurements,
making the computation of the expected GIC straightforward. Campbell (1980) measured current flowing
in the single trans-Alaska high pressure gas pipeline, while the Viljanen and Pirjola (1994) study was based
on a basic representation of the Finnish network. The study of Matandirotya et al. (2016) demonstrated the
application of the DMM on a single three-phase HV line running through a remote area in Namibia. The
authors used a LEMI-011magnetometer to record themagnetic field variations under the line and compared
it to data from a remote system placed around 200 m away. The system could detect GIC variations of less
than 0.1 A.
The GB power transmission network, operated by National Grid UK plc, is much more complex, consisting
of thousands of km of 400, 275, and 132 kV lines. It is highly interconnected, typically with three-phase dou-
ble circuits on A-frame pylons, and transmits energy from the outer regions toward the densely populated
HÜBERT ET AL. 3 of 15
Space Weather 10.1029/2019SW002421
Figure 2. The 400 and 275 kV transmission network (white lines) and location of DMM systems deployed in 2018
(black crosses, WHI: Whiteadder; ASB: Abbey St. Bathans; ILD: Ilderton; KNA: Knayton) and geomagnetic
observatories (orange squares, LER: Lerwick; ESK: Eskdalemuir). Inset shows the location of the substations (black
squares) and DMM sites near Torness power station (in eastern Scotland).
areas in the south of England. This makes it much more complicated to model GICs and reconcile them
with DMM observations compared to a single three-phase line, such as studied in Namibia.
2.1. Design and Deployment of the Differential Magnetometer Systems
Based on the principles described in Matandirotya et al. (2016), we developed a set of bespoke differential
magnetometer systems. The design for each system (pairing an underline and a remote site) comprises a
Sensys FGM3D triaxial fluxgate magnetometer combined with an Earth Data EDR209 three-channel digi-
tizer (Figure 1a). The magnetic field data are transmitted in near real time (every 30 min) via a router using
the 4G mobile phone network to the BGS office. The system is powered by two 90 Ah batteries, recharged
by a 270 W solar panel. The remote data collection system is based on the well-established and robust IRIS
SeedLink protocol (FDSN, 2012). Three data channels (magnetic north Bx, magnetic east B𝑦, and downward
component Bz) are recorded at a 1 Hz sampling rate. Two auxiliary channels are used to monitor the battery
voltage and the temperature from a thermistor close to the magnetic sensor. Accurate timing is guaranteed
by a GPS antenna. The system was found to have a noise floor of 0.02 nT·Hz1∕2 within the frequency band
of 0.1–0.5Hz (period of 2–10 s).
When deployed in the field, the magnetic sensor is placed in a plastic barrel into which a wooden mount
embedded in nonferrous concrete has been set. The barrel is buried and covered with insulation material
to improve temperature stability over periods of several hours. The solar panel, digitizer, and the remain-
ing electrical components are placed in a box around 8 m away from the sensor to reduce interference
(Figure 1b). The magnetometer is leveled and orientated to magnetic North by nulling the east component
of the horizontal field. Prior to the deployment, each pair of sensors and digitizer was calibrated together
at the absolute pillar of the INTERMAGNET-standard Eskdalemuir Observatory (see Figure 2). We built 12
identical systems, allowing for up to six DMM sites to be recording simultaneously. Figure 1d shows the
equipment deployed under a 400 kV power line near Ilderton (ILD), Northumberland.
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We initially chose lines that the HV network model suggested would experience high GICs during geomag-
netic storms, based on the work of Kelly et al. (2017). The underline sensor was placed under the lowest
hanging point of the wires, midway between pylons, which are usually around 300 m apart. Figure 2 shows
the field locations deployed during 2018. A further four sites were deployed in 2019.
2.2. Deriving GICs with the DMM
Following the approach of Matandirotya et al. (2016), we derive the line current I from the magnetic field
measurements B observed at a distance R from a single wire, assuming the Biot-Savart law for an infinite
conductor:
B =
𝜇0I
2𝜋R . (1)
In the field the two triaxial fluxgate magnetometers are oriented in geomagnetic coordinates. To retrieve
the signal corresponding to the excess current flowing in the power lines, the horizontal components of
the recorded magnetic field at both the underline and remote station are rotated into a coordinate system
parallel to the power lines. The difference between the underline and remote site in the magnetic field
component transverse to the HV wires then maximizes the magnetic signal due to GICs in the line. Some
signal detrending (or band-pass filtering) is required to account for long-period temperature effects and/or
static offsets between the underline and remote sensors.
In contrast to the simple three-phase single circuit 66 kV HV line studied in Namibia, the configuration of
400 kV HV power lines in Britain is far more complex, typically with two double circuits, each consisting
of two to four bundled wires supported by A-frame pylons (see Figures 1b and 1c). The line heights vary
depending on topography and land use but typically lie in the range of 12–15m for the lowest to 30–33m for
the upper wires. Precise measurement of line heights and widths is made with a Leica laser distance meter
at each site. To account for the distances to each line in the double circuit, a model was created to invert for
the GICs using the Biot-Savart law. Assuming that the GICs are quasi-static over a period of several seconds,
we can treat each of the six wire bundles as an infinite conductor. If we further assume that both circuits
are carrying equal current (or equivalently, each phase carries the same current) and connect to the same
transformers at each end, we can describe the measured magnetic field as Bmeas =
∑
𝑗
B𝑗 , where 𝑗 = [1, 2]
is the number of circuits. The contribution to the measured magnetic field from each wire on the A-frame
pylon is
B =
2∑
𝑗
3∑
i
𝜇0I
3 · 2𝜋Ri𝑗
, (2)
where i = [1, 2, 3] is the number of phases and Ri𝑗 =
√
(h2i + d
2
𝑗
) is the distance from the underline sensor
to each wire bundle (Figure 1c). The average current flowing in the lines can now be estimated with
I =
2∑
𝑗
B𝑗6𝜋R1𝑗R2𝑗R3𝑗
𝜇0(R1𝑗R2𝑗 + R1𝑗R3𝑗 + R2𝑗R3𝑗)
. (3)
If the circuits are unbalanced (i.e., each circuit is connected to a different transformer), the calculation of
line GICs can be altered to accommodate this scenario. This can be achieved by calculating the contribution
from each circuit (𝑗) separately.
Prior to deployment, a sensitivity analysis, similar to that of Matandirotya et al. (2016), was carried out by
varying the setup parameters such as the line height, ground conductivity, GIC magnitude, and the align-
ment of the DMM sensors, demonstrating that a sensitivity to GIC variations of around 0.1 Awas achievable
in theory. The analysis furthermore showed that at a distance of 100 m or greater, the remote system should
measure less than 1% of the magnetic field created by GICs in the power line.
Themain uncertainties in DMMmeasurements are a combination of absolute and relative errors, where the
latter scale with the amplitude of the line GIC. Uncertainties caused by the installation are relative errors
and include the uncertainty during the alignment of the sensors and estimating the position of the sensor
in respect to the wires. Additionally, there is a small signal in the remote magnetometer from GIC flowing
in the HV line.
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The noise threshold of the fluxgate magnetometer is 0.1 nT and constitutes an absolute error. During the
installation, the underline and remote sensors are co-aligned by precise leveling and minimizing the mag-
netic east component to within 5 nT. This is the alignment uncertainty. The underline sensor is placed either
centrally between the double circuit (usually at 9 m horizontal distance) or directly under one line.
The positioning uncertainty derives from any error in measuring the distance to the wires. The distance
between the overhead wires and the sensor is typically well constrained by using a laser range finder, and
measurement errors should not exceed 0.5 m. This gives an uncertainty of up to 5% for wires at a height of
10 m, falling to around 1% for wires at 30 m. The magnetic effect of GICs flowing in the line as measured at
100 m distance is around 0.75% falling to 0.25% at 200 m.
As an example, assuming that a 10 A GIC flow in a HV line generates a 200 nT magnetic field measured at
the underline sensor, with a remote station at 200 m, the root-sum-square calculation of uncertainty is 0.1
nT from the sensor, 5 nT from misalignment between remote and underline, 1.5 nT from the GIC effect at
the remote, and 1.5 nT due to positioning uncertainty of underline sensor for a 0.5m error:
√
(0.12 + 52 +
1.52 + 1.52) = 5.4 nT. This gives a total uncertainty of 0.5 A for the GIC estimation. Considering the other
unknowns such as earthing resistance for the entire network model (Kelly et al., 2017), we argue that this is
an acceptable uncertainty for the measured DMM GICs and the best that can be reasonably achieved with
a temporary field deployment.
3. Measured GICs Using DMMDuring a G3 Storm
The first set of systems were built and deployed at a site on Whiteadder moor (WHI), eastern Scotland, in
June 2018, under the 400 kV line around 15 km west of Torness power station (Figure 2). The system was
in operation during the 24–26 August 2018 geomagnetic storm. This G3 event was the largest storm of 2018
with a peak Kp of 7+. The total interplanetary magnetic field reached 21 nT with a prolonged period of
southward Bz. The storm was possibly caused by a coronal mass ejection from 21 to 22 August 2018, though
no classic shock signature was observed. Electric fields peaked at 300 mV/km at Lerwick observatory and
140mV/km at Eskdalemuir observatory in the east-west component. The HV lines atWhiteadder are linked
to Torness substation which has a Hall probe installed to measure GICs directly. This data set, provided by
Scottish Power, allows a direct comparison of measured line GICs with data recorded at a nearby substation.
This provides an opportunity to validate the DMM and Hall probe measurements with the network model.
The three-phase line heights above the sensor in Whiteadder are 12.2, 21.3, and 30.3 m, with the horizontal
distance between the wires measured as 18m. At this site, the sensor was placed under the northernmost
circuit.
Figures 3a and 3b show the time series for the two horizontal components of the magnetic field at WHI in
geomagnetic coordinates from 25 to 27 August 2018 and the difference between the remote and underline
systems. Figures 3c and 3d show the rotation of the horizontal magnetic field measurements into the power
line coordinate system (azimuth of 58.7◦). Themaximumdifference between the recordings in the underline
and remote magnetometers (in the component transverse to the power line) is ∼225 nT. In the component
parallel to the power line, the magnetic field differences are close to zero, as expected. This confirms that
the measured magnetic field differences arise from currents flowing in the HV line.
Using the simple A-frame pylon model (equation (3) and Figure 1c) and assuming equal current in both
circuits, Figure 3e shows an estimated peak-to-peak line current variation of 25 A at 05:13 UT and a second
smaller peak of 20 A at 15:58 UT on 26 August. Figure 3f plots the measured line GICs from the Hall probe
at Torness substation around 15 km to the east of WHI. Clearly, the shape and structure of the Hall probe
signal correlates well with the GIC measurements at Whiteadder (correlation of 0.88), but the amplitude of
the Hall probe GICs (maximum of 2 A) is around an order of magnitude smaller.
In order to place these results in context in section 6, we must account for (a) the geoelectric field in the
region (see section 4) and (b) the response of the network given the local topology and resistance parameters
(see section 5).
4. Predicting Electric Field Data Using theMT Impedance Tensor
To reconcile the observed line and Hall probe GIC measurements, we must quantify the electric field
strength during storm time. This can be achieved using the electrical conductivity structurewhich allows the
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Figure 3. Recorded times series during the G3 geomagnetic storm on 25–26 August 2018. (a–d) Horizontal magnetic
field components at DMM site Whiteadder, East Lothian (WHI). (e) Line GICs at WHI. (f) GIC data from a Hall probe
at Torness substation.
computation of electric fields frommeasured or interpolated magnetic field variations. Sufficiently detailed
electrical conductivity models on the regional scale of a geomagnetic storm are not always readily available.
For the British Isles, a thin-sheet model based on bedrock conductivity and airborne near-surface observa-
tions is often used to compute the regional geoelectric field (Beamish, 2012; Beggan et al., 2013; Kelly et al.,
2017). An alternative way to estimate local electric fields is the use of the MT impedance tensor (Bonner
& Schultz, 2017; Campanya et al., 2019; Kelbert et al., 2017), which is defined as the transfer function
between electric and magnetic fields at the Earth's surface (Cagniard, 1953). MT is widely used in geophysi-
cal deep-sounding exploration and equipment, and processing codes are sophisticated and readily available
(Chave & Jones, 2012; Egbert, 1997).
The relationship between electric (E) and magnetic fields (B) is sought at discrete frequencies 𝜔 through
measuring the surface variations of the electric and magnetic fields during quiet times (assuming a plane
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Figure 4.Measured magnetic and electric field time series recorded on 16–17 March 2019 and computed line GICs at
the Whiteadder (WHI) site. (a–c) Magnetic field, (d, e) electric field, and (f) computed line GICs from DMM
measurements.
wave source) and the calculation of the impedance tensor Z
E(𝜔) = Z(𝜔) · B(𝜔). (4)
The tensor Z is assumed to be time independent and contains information about the electrical properties
of the subsurface. For space weather applications, it is possible to use this relationship to predict electric
fields when magnetic data are available or can be interpolated from nearby observation (e.g., Campanya et
al., 2019).
We installed a five-channel Lemi-417 LMT instrument beside the remote magnetometer at Whiteadder for
a period of 6weeks in March–April 2019 (i.e., after the 26 August 2018 storm). The electric field data were
of good quality, reflected in small error bars and smooth curves for the robust estimates of the impedance
transfer function (see Figure 5). During this period, we recorded data for a minor G1 storm on 16–17 March
2019 (shown in Figure 4). The north component of the electric field (Figure 4d) shows strong correlation
with the north component of the magnetic field during the storm and has a maximum amplitude of about
100mV/km. The line GICs capturedwith theDMM instruments (Figure 4f) peaks at around 12A (assuming
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Figure 5.Magnetotelluric transfer function for Whiteadder (WHI): Impedance tensor components displayed as
apparent resistivity (upper panel) and phase curves (lower panel).
equal GIC flow in each circuit) and closely follows the variation of the electric field, confirming again that
the DMMmethod measures GIC flow due to induced electric fields.
Using 6weeks of magnetic and electric data, we computed MT transfer functions, after Smirnov (2003). We
applied the remote reference technique with the magnetic field variations measured at Eskdalemuir obser-
vatory 70 km away to the south (Figure 2) to improve the stability of the transfer functions. The impedance
transfer function estimates are stable and smooth between 10 and 10,000 s. Figure 5 shows the transfer func-
tion which suggests a complex underlying conductivity structure—likely also indicating the influence of the
local coastline.
In order to predict the electric fields using the MT impedance and the magnetic data measured at the site,
we take the fast Fourier transform of a 2-day-long segment (with a 1min sampling rate) and use the result-
ing Fourier coefficients multiplied by the MT impedance tensor in the frequency domain to compute the
spectra of the electric fields before inverting the Fourier transform back into time domain. The uncertainty
associated with the violation of the plane wave approximation for storm times depends on the strength of
the storm and was estimated as an average SNR value of around 10 dB by Campanya et al. (2019).
To check the consistency of the MT tensor, we computed the estimated electric time series for the March
storm (see Figures 4d and 4e). The modeled electric field captures the majority of the measured variations
though not the long-period drift or the very short period variation at peak magnitudes. The MT-estimated
electric field thus provides a lower minimum value. This is due to the limitation of the frequency range
and assumption of a plane wave source when estimating the impedance. Nevertheless, we can now use the
MT impedance tensor to compute an estimate of the electric field variation at this location for other time
segments if magnetic field time series are available.
5. Numerical Modeling of Line and Substation GICs
Over the past two decades, the BGSmodel of themainland Britain network has been continuously improved
and refined. Starting with McKay (2003) and Turnbull (2010), the basic structure has grown from a 30-node
network to 252 nodes and, at present, contains over 1,200 nodes. These nodes represent individual trans-
formers, extracted from the UK National Grid Electricity Ten Year Statement (ETYS) for 2017 (ESO, 2017)
allowing for the detailed modeling of GICs in the network. The ETYS gives information regarding the line
connections and transformer resistances; the line resistances can be computed from the transmission line
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Figure 6. Circuit diagram of the partial 400 kV network connected to the Torness substation in Scotland, with modeled
line currents (blue text adjacent to the red line) and earthing currents (black text adjacent to substations). Also shown
are the line and transformer resistances from 2017 ETYS. The earthing resistance is assumed to be 0.5 Ω. Note that the
line currents are GIC per phase, while the earth currents are total GIC through the substation.
impedances expressed as percentage of 100 MVA baseline in the “per-unit” representation (Saadat, 2010).
Nonetheless, the publicly available ETYS does not contain all the necessary details for creating a network.
For example, the locations of the substations are not precise and the grounding resistances are not included.
The substation locations and line paths were found by searching online maps and satellite imagery. The
grounding resistances are uniformly set to 0.5 Ω (Kelly et al., 2017).
Figure 6 shows a representation of the circuit diagram for the 400 kV part of the network connected to
the Torness substation in East Lothian, Scotland, following the diagrammatic style of Horton et al. (2012).
The resistance values (in Ω) of the individual lines (red) and transformers (gray) are derived from the 2017
ETYS. The locations of DMM sites at Whiteadder (WHI) and Abbey St. Bathans (ASB) within the network
are indicated on the lines connected to Torness.
The installation at Whiteadder was located under the east-west-orientated 400 kV double circuit running
fromTorness to Smeaton (Figure 2, inset, and Figure 6). Initially, we have assumed that both circuits connect
to the same substations at their end points, for which we computed a peak GIC flow of around 25 A in each
circuit (Figure 3). However, in reality, the northern circuit is connected to and grounded at two smaller
substations at Fallago andCrystal Riggwhich carry power from local wind farms, before arriving at Smeaton
(see inset Figure 2). The southern circuit runs directly to Smeaton substation and has a total length of around
50 km in an approximately east-west direction. The GICs in the circuits as they pass the DMM station at
Whiteadder are thus unbalanced, and the measured magnetic field is the sum of two different line current
magnitudes.
To account for this, we examined the GIC flow in this subset of the network in finer detail. We computed the
expected GICs generated by a homogeneous 1 V/km north-south and east-west test electric field. Figure 6
reports the modeled line currents and earthing currents (in amperes). The line current values are displayed
as GIC per phase, while the earth currents are the total substation GICs. As a boundary condition check, the
total sum of GICs in the network is zero. Note that the 275 and 132 kV parts of the network are included in
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the computational model but are not shown on the circuit diagram for clarity (e.g., Smeaton has eight 275
kV transformers).
To interpret the GIC values shown in diagram, note that the line between Fallago and Crystal Rigg has a
resistance of 0.3 Ω. Fallago has two 400 kV transformers with resistances of 4.1 Ω each, while Crystal Rigg
has a single 400 kV transformer with a lower resistance of 2.4 Ω. For a 1 V/km north-south electric field,
a line GIC of 8.9 A per phase is modeled, while 12.1 A per phase flow in an 1 V/km east-west field. At the
grounding point in Fallago, a total of 10.6 A flow through the substation for a 1 V/kmnorth-south-orientated
field but only 2.2 A for an east-west field. Likewise at Crystal Rigg, 19.3 A flow for a north-south field and
5.4 A for an east-west field.
6. Validating theMeasured andModeled GICs atWhiteadder
At the Whiteadder DMM site, modeling of the line GICs suggests that for a 1 V/km east-west electric field,
around (12.1×3 =) 36.3 A flow in the northern circuit, while the southern circuit carries (24.7×3 =) 74.1 A.
The total GIC at Torness substation for a 1 V/km north-south field is 34.2 A and 12.7 A for an east-west field.
Using the detailed line and transformer model allows us to modify our simple assumptions in equation (2)
to compute the GICs and resulting magnetic field created during the geomagnetic storm of 26 August 2018.
We now use the values of the modeled electric field from the MT impedance tensor at Whiteadder to scale
the expected GIC flow given by the network model. For example, at the peak of the storm, the modeled
electric field at Whiteadder is around 100 mV/km (or 0.1 V/km). Scaling the modeled line GIC gives 3.63
A+7.41 A, a total of 11.04 A. This equates to amagnetic field value of 150 nT at the DMMunderline system.
6.1. Comparison of Measurements andModeling
We compute the line and earthing GICs in a similar manner for each minute of the 26 August 2018
storm. Figure 7 shows a comparison of measured and modeled time series. Figure 7a displays the east-west
component of the electric field measured at Eskdalemuir and the values computed at Whiteadder using the
MT impedance. Both time series show strong similarity during the storm, with a slightly smaller ampli-
tude of the electric field modeled at Whiteadder. The electric field values were then used to predict the line
and earthing GICs and the expected magnetic field difference between the underline and remote systems at
WHI. The predicted magnetic field difference closely matches the measured DMM values, though slightly
overestimates the amplitude of the signal in Figure 7b (correlation coefficient of 0.67). This produces a very
similar time series of modeled andmeasured line GICs atWHI (in Figure 7c, correlation coefficient of 0.65).
Finally, the estimates for the GICs at Torness using the electric field derived fromWHI magnetic field mea-
surements (Figure 7d) are slightly larger than the measurements from the Hall probe, particularly at the
peak GIC times (correlation coefficient of 0.73).
The results presented in Figure 7 bring together four different sets of measurements and models: the mea-
sured DMMmagnetic field values, the measured Hall probe GICs, the modeled geoelectric field values from
the MT tensor at WHI, and the output of the HV network model. The network model is driven by the elec-
tric field from a single point to produce a satisfactory recreation of the measured magnetic field differences
at Whiteadder and the GIC data from the Torness Hall probe. The inferred line GICs of up to 20 A along the
400 kV line and themeasured value of up to 2 A through the earthing point at Torness can be fully accounted
for. This analysis provides the first self-consistent validation of indirectly measured and modeled GICs in a
complex HV network.
There remains a mismatch between the amplitude of the modeled and measured GICs for which there
are several possible explanations. First, for this initial analysis, we used the local electric field value from
Whiteadder. This point measurementmight not hold across the entire region.We also computed GICs using
electric field data measured at Eskdalemuir which produced a slightly closer match to the Torness GICs
than the Whiteadder time series (not shown), suggesting that the electric field is the major source for any
difference. Our estimates can be improved by using a regional electric field model. The reasonably good
match using a single local electric field estimate suggests that spatial structure of the electric field is relatively
homogeneous for this relatively small storm.
Additionally, the actual HV network might have slightly different network parameters (like the earthing
resistances) and configuration than used in our model. The HV network is continuously reconfigured to
facilitate maintenance or power routing. Finally, the model in Scotland does not yet fully account for the
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Figure 7. Comparison of measured and modeled data: (a) Electric field times series during the G3 geomagnetic storm
on 25–27 August 2018 measured at Eskdalemuir and modeled at Whiteadder (WHI), (b) DMMmagnetic field
differences at WHI, (c) line GICs at site WHI, and (d) GICs at Torness substation with correlation coefficients R for the
modeled and measured time series.
true length and path of the lines, which adds a few percent uncertainty to the modeled values (e.g., Horton
et al., 2012). The true line length and measured grounding values will be addressed in future improvements
to the network model.
6.2. Reconciling Line and Ground GIC Data
As noted, themeasured line GICs atWhiteadder during the 26 August 2018 storm are an order ofmagnitude
larger than the GIC flow through the Hall probe at the Torness substation. The amplitude variation arises
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from the different resistance parameters of the network which are traceable through the admittance matrix
of the GIC inversion (see also the example in Figure 6). This is modeled by
I = (1 + Y · Z)−1 · J, (5)
where I are the currents at each node, J incorporates the geovoltage between nodes, and Z is the earthing
impedance matrix including the earthing resistances of the system. Y is the network admittance matrix
(Lehtinen & Pirjola, 1985). The admittance matrix is constructed from the information in the ETYS.
Physically, the 400 kV transformers at Smeaton and Strathaven have a much lower resistance that Fallago,
Crystal Rigg, or Torness. This imbalance allows large GICs to flow along the Torness to Smeaton line. At
Torness, the GICs are much lower as it presents a more resistive path to ground compared to the other end
of the line. Similarly, Fallago and Crystal Rigg substations experience lower GICs because they have higher
resistance transformers (>2.4 Ω). The Eccles transformer, connected on a north-south-orientated line, also
has a lower resistance (1.8Ω) than Torness. Therefore, while the lines leading into Torness carry large GICs,
the currents cannot readily pass into the ground and are distributed elsewhere. It is thus essential to correctly
capture the impedance and admittance information of the network infrastructure in order to accurately
model the GIC flow. Without this level of detail, it would be easily possible to produce a plausible, though
incorrect, assessment of GIC hazard within a poorly described network.
7. Conclusions
Wepresent the design and initial deployment of the first DMM systems in theUnited Kingdom. In this study
we focus on the measurements from the first site installed at Whiteadder in eastern Scotland. At this site we
have successfully detected GICs in a 400 kV HV power network. The line GIC data recorded at Whiteadder
during the 26 August 2018 storm were compared to data from a Hall probe at the nearby substation at
Torness. The measured GICs from the line and the Hall probe show excellent temporal correlation, though
with significant differences in amplitude, illustrating that line measurements with DMM and Hall probes
at grounding points capture different but complementary views of GIC flow in a network.
Using the latestmodel of theHVnetwork and electric field variations estimated from anMT survey, we show
that themeasured line and earthingGICsmatch the expectedmodeled values during the geomagnetic storm.
This analysis assimilates four different sets of measurements and modeling, the measured DMMmagnetic
field values, themeasuredHall probe GICs, themodeled geoelectric field values from theMT tensor atWHI,
and the output of the HV network model to provide a self-consistent validation of the BGS HV network
model usingmeasured data. This is the first study to validate such a complex networkmodel using direct and
indirect measurements of GICs. The remaining differences between measured and modeled values can be
ascribed to the use of the electric field estimated at a single location, likely errors in the network grounding
resistance parameters and incomplete information about the network configuration.
Improved modeling of the electric field in conjunction with a more detailed network representation should
lead iteratively to a better fit between the modeled GICs and observations. The data collected by the DMM
systemswill be a vital part of making those improvements.Wewill continue to use the DMMmeasurements
to collect GIC data across the United Kingdom to validate and refine numerical modeling of the GICs across
the entire network and improve the modeling of the electric field.
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